Jasmonate plays key roles in plant growth and stress responses, as in defense against pathogen attack. Jasmonoyl-isoleucine (JA-Ile), a major active form of jasmonates, is thought to play a pivotal role in plant defense responses, but the involvement of JA-Ile in rice defense responses, including phytoalexin production, remains largely unknown. Here we found that OsJAR1 contributes mainly to stress-induced JA-Ile production by the use of an osjar1 Tos17 mutant. The osjar1 mutant was impaired in JA-induced expression of JA-responsive genes and phytoalexin production, and these defects were restored genetically. Endogenous JA-Ile was indispensable to the production of a flavonoid phytoalexin, sakuranetin, but not to that of diterpenoid phytoalexins in response to heavy metal stress and the rice blast fungus. The osjar1 mutant was also found to be more susceptible to the blast fungus than the parental wild type. These results suggest that JA-Ile production makes a contribution to rice defense responses with a great impact on stress-induced sakuranetin production.
Plant hormone jasmonic acid (JA) plays key roles in plant growth and development and in responses to abiotic and biotic stresses, including pathogen attack.
1) It undergoes several modifications, including methylation (methyl jasmonate), 12-hydroxylation (tuberonic acid) and its derivatives (tuberonic acid glucoside and sulfate), and conjugation with amino acids including isoleucine, leucine, valine, tyrosine, tryptophan, and ACC. [2] [3] [4] [5] [6] These are collectively designated jasmonates. Among jasmonates, jasmonoyl-isoleucine (JA-Ile) is known to play a central role in jasmonate signaling. 7, 8) On the other hand, several reports indicate that other JA derivatives and 12-oxophytodienoic acid (OPDA), an intermediate of JA biosynthesis, have these individual bioactivities in plants. 9, 10) Hence, these derivatives of JA, especially JA-Ile, should be analyzed individually in order to clarify the details of jasmonate-mediated signaling in plants.
JA-amino acid conjugates, including JA-Ile, are biosynthesized from JA by the group 1 GH3 family of proteins. In Arabidopsis, jasmonic acid resistant 1 protein (AtJAR1), a member of the group 1 GH3 family of proteins, catalyzes the conjugation of JA with amino acids such as Ile, Leu, and Val. 6) Recently, Wakuta et al. reported that three members of group 1 GH3 family proteins are coded: OsJAR1, OsJAR2, and OsJAR3. 11) They found that recombinant proteins of both OsJAR1 and OsJAR2 exhibit the enzymatic activity of JA-Ile synthetase, but they assumed that OsJAR3 is not functional in most rice cells. Inductive expression of OsJAR1 and OsJAR2 by wounding and the expression of OsJAR1 by blast fungal infection have also been reported. Hence we suggest that OsJAR1 and OsJAR2 are involved in stress-induced JA-Ile production in rice, although the involvement of these genes in rice defense responses remains unknown.
On the other hand, Riemann et al. have reported the isolation and physiological characterization of the rice OsJAR1 Tos17 insertion mutant osjar1.
12) The mutant exhibited various phenotypes, including open-husk, lowfertility, insensitivity to exogenous MeJA, and abnormal photomorphogenesis with long coleoptiles. Since lightinduced OsJAR1 transcription was also found to be under the control of phytochrome A, they concluded that OsJAR1 modulates light and JA-signaling in phytochrome-mediated photomorphogenesis, but there is no information regarding endogenous levels of jasmonate, including JA-Ile, in osjar1 mutants to date.
When plants are attacked by pathogenic microorganisms, plants induce several forms of secondary signal transduction, including jasmonate-mediated signaling, and finally, they respond with a variety of defense reactions, such as the production of pathogenesis related (PR) proteins and the production of specialized metabolites called phytoalexins, which serve as plant antibiotics. 13) In rice, 15 phytoalexins have been isolated and characterized, including 14 diterpenes, momilactones A and B, phytocassanes A to E, oryzalexins A to F, and oryzalexin S, and one flavonoid phytoalexin, sakuranetin. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Among these rice phytoalexins, momilactones, phytocassanes, and sakuranetin are considered to be major compounds in terms of high antimicrobial activity and high accumulation in blastinfected rice leaves. 14, 23) It is known that an accumulation of these major phytoalexins is induced in rice leaves by exogenously applied JA, followed by coordinated expression of the biosynthetic genes for these phytoalexins. [24] [25] [26] Furthermore, our recent research using rice jasmonate-deficient mutants cpm2 and hebiba revealed that endogenous jasmonates are not essential to the accumulation of phytocassanes, are partially involved in the accumulation of momilactones, but are indispensable to the accumulation of sakuranetin in blast-infected rice leaves. 27) Additionally we have found that the susceptibility to incompatible race of Magnaporthe oryzae is higher in these jasmonate deficient mutants than in the wild type. Considering these facts, we suggest that jasmonates play important roles in phytoalexin production and resistance to blast fungus in rice, but it remains unknown which jasmonates participate in rice defense responses.
In this study, we investigated the importance of JA-Ile to the defense response in rice based on analysis of the osjar1 mutant. A defect in JA-Ile accumulation in the osjar1 mutant leaves was evident after wounding, and genetic complementation of the osjar1 mutant clearly indicated that the OsJAR1 gene was responsible for the phenotypes observed in the mutant. Phytoalexin measurement and a resistance test to M. oryzae of the osjar1 mutant also indicated the important roles of the OsJAR1 in defense responses during blast fungus infection. Here we provide evidence in planta that OsJAR1 makes major contributions to stress-induced JA-Ile production in rice leaves and that JA-Ile is involved in defense responses in rice leaves.
Materials and Methods
Plant materials, growth conditions, and elicitation. Following a previous report, 12) we searched for the osjar1-2 mutant (NC2728, Oryza sativa L. cv. Nipponbare) in the Rice Insertion Mutant Search Page (http://tos.nias.affrc.go.jp/) as a Tos17 insertion mutant of Os05g0586200, and purchased it from the Rice Genome Resource Center (National Institute of Agrobiological Sciences, Ibaraki, Japan). We obtained seeds of the F 1 generation of the mutant, and we analyzed them by genomic PCR using specific primers for OsJAR1 and Tos17 to separate osjar1-2 homozygotes, heterozygotes, and wild-type rice plants. Thus T 2 generation seeds were obtained from the various plants. We used these T 2 generation seeds of homozygotes and the wild type as osjar1-2 and wild type in our experiments. The primers used for genomic PCR are described in Fig. 1A and Supplemental Table 1 (see Biosci. Biotechnol. Biochem. Web site).
To grow rice plants, seeds were sterilized with 2.5% sodium hypochlorite solution (Kanto Chemical, Tokyo) for 30 min and then washed with sterilized water. The surface-sterilized seeds were incubated on 0.7% agar gel containing 0.1% of the liquid fertilizer Hanakoujou (Sumika-Takeda Garden Products, Tokyo) for 10 d at 28 C in the light. The germinated seeds were transplanted into a mixture of vermiculite and artificial compost, Bonsol (Sumitomo Chemical, Tokyo), to grow in a greenhouse (12 h light at 28 C/12 h dark at 25 C). Three-month-old plants were used in the subsequent experiments. Rice calli were cultured as described previously. 28) For wounding of rice leaves, the uppermost leaf blades were excised from the rice plants and punctured once with pin. Then the wounded leaf blades were floated on distilled water and incubated at 28 C under light. For jasmonates and for CuCl 2 treatment of rice leaves, leaf disks (diameter 6 mm) from the uppermost leaf blades of the rice plants were floated individually on 100 mL of an assay solution (500 mM of jasmonates or CuCl 2 ) in each well of 96-well plastic plates. For chitin oligosaccharide elicitor treatment, N-acetylchitooctaose (final concentration 1 ppm), provided by Professor N. Shibuya, was added to suspension-cultured rice cells 6 d after transfer to fresh medium.
Northern blot analysis of OsJAR1. Total RNA was extracted from plants using Sepasol-RNA I Super (Nacalai Tesque, Tokyo). For Northern blot analysis, 10 mg of total RNA was subjected to electrophoresis in a 1.4% agarose gel. The RNA was transferred to a Hybond Nþ membrane (Amersham Bioscience) by a standard blotting technique, 29) and hybridized with 32 P-labeled OsJAR1 cDNA. As control, 4 mg of total RNA was subjected to electrophoresis in a 1.4% agarose gel and stained with ethidium bromide. Then the bands of rRNA were observed.
Extraction and determination of jasmonates. JA and JA-Ile were extracted from wounded rice leaves and from elicitor-treated suspension-cultured rice cells and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS), as described previously. 27) Agilent oligo microarray analysis. Leaf disks (6 mm) were excised from the uppermost rice leaf blades of 1.5-month-old plants. Then they were floated on 100 mM jasmonic acid for JA treatment. Sixteen leaf disks from eight plants (two from each plant) were used as one sample. Total RNA was extracted from the JA-treated leaf disks with an RNeasy Plant Mini Kit (Qiagen, Germantown, MD) following the manufacturer's instructions. Cy-3-and Cy-5-labelled cRNAs were synthesized as described previously. 30) Rice Gene Expression 4 Â 44K Microarrays (Agilent Technologies, Palo Alto, CA) were hybridized following the manufacturer's instructions. Three biological replicate analyses were performed. Slide glasses were scanned using a microarray scanner (G2565, Agilent), and resulting output files were imported into Feature Extraction software (ver. 11, Agilent). Data normalization and statistical analysis were performed using Partek Genomics Suite software (ver. 6.5, Partek software).
Gene expression analysis by qRT-PCR. qRT-PCR was used to determine the level of gene expression. Total RNA was extracted from plant tissue with Sepasol-RNA I Super (Nacalai Tesque), and the RT reaction was performed with a Quantitect RT kit (Qiagen, Tokyo). qRT-PCR was performed using SYBR Green technology on an ABI PRISM 7300 real-time PCR system (Applied Biosystems, CA). Rawa from qRT-PCR were analyzed by the difference in threshold cycles (ÁCT) method, and the results were expressed as relative mRNA values normalized to the expression level of ubiquitin (OsUBQ). The primers used in expression analysis are listed in Supplemental Table 1 .
Complementation. The osjar1-2 mutant was transformed with the OsJAR1 gene harboring subsequent 3 0 -UTR sequence under the regulation of cauliflower mosaic virus 35S promoter. The ORF and subsequent 3 0 -UTR sequence of OsJAR1 was amplified by PCR using full-length cDNA of OsJAR1 purchased from National Institute of Agrobiological Sciences. The primers used in PCR are shown in Supplemental Table 1 . To construct a directional TOPO cloning transfer vector, the 5 0 -CACC-3 0 sequence was incorporated into the PCR upstream primer at its 5 0 ends. Then the PCR products were inserted into pENTR/D-TOPO vector (Invitrogen) and the ligated products were transformed into TOP10 chemically competent E. coli. The ORF and subsequent 3 0 -UTR sequence of OsJAR1 inserted into the pENTR/D-TOPO vector were fused into pGWB2 31) using LR Clonase II Enzyme Mix (Invitrogen). The calli of the osjar1-2 mutant were transformed with this plasmid by Agrobacterium-mediated transformation. The transformant cells obtained were used in subsequent analysis.
Extraction and determination of phytoalexins. Extraction of phytoalexins was done by soaking plant tissues in extraction solvent (79% ethanol, 13.9% distilled water, 7% acetonitrile, and 0.1% acetic acid v/v/v/v) overnight. Then the sample was analyzed by LC-MS/ MS as described previously. 27) 130272-2 T. SHIMIZU et al.
Fungal inoculation assay. M. oryzae race 102.0 (kyu77) was grown on oatmeal agar (60 g-of homogenized oatmeal and 12 g-of agar per L of water) in Petri dishes incubated at 25 C for 9 d. A conidial suspension was prepared as described previously, 32) and filtered through two layers of Miracloth (Calbiochem, San Diego, CA) to remove cell debris. The conidial suspension was subjected to an inoculation test within 2 h of preparation. For lesion observation, the excised fifth leaf blades of the rice plants at the 5.5-leaf stage were sprayed with conidial suspension at a concentration of 10 5 spores/mL. Then the inoculated leaf blades were incubated for 120 h at 25 C under light. For phytoalexins analysis, excised leaf blades of rice plants at the 8-leaf stage were spotted with conidial suspension at a concentration of 10 5 spores/mL. Then the inoculated leaf blades were incubated for 72 h at 25 C under light.
Results
Deficiency of JA-Ile in the osjar1-2 mutant We obtained osjar1-2 seeds from National Institute of Agrobiological Sciences and selected the osjar1-2 homozygote mutant and wild-type rice from the T 2 generation of the seeds by genomic PCR (Fig. 1A and B). After confirmation of impaired transcriptional expression of the OsJAR1 gene in wounded leaves of the osjar1-2 mutant by Northern blot analysis (Fig. 1C) , we evaluated the productivity of JA-Ile in the mutant to determine the contribution of OsJAR1 to the production of JA-Ile in the rice leaves under stress. Since it has been established that JA biosynthesis is transiently induced by wounding in rice leaf blades, 33) first we compared the levels of accumulation of JA and JA-Ile in the wounded leaf blades of osjar1-2 with the wild type. JA and JA-Ile were extracted from leaf blades sampled at 0, 0.5, 1, 2, 4, and 6 h after wounding, and were measured by LC-ESI-MS/MS. In the osjar1-2 mutant, no JA-Ile was detected in the leaf blades sampled at the initial time point (time ¼ 0), and the levels of accumulation of JA-Ile were hardly increased after wounding (lower than 2 ng/g fresh weight at all time points). In the wild type, no JA-Ile was detected at the initial time point, and the levels of accumulation began to increase drastically, and peaked at 62 ng/g fresh weight at 30 minutes after wounding (Fig. 1D) . On the other hand, the levels of accumulation of JA began to increase within 30 min, and peaked at 296 ng/g fresh weight and at 167 ng/g fresh weight at 2 h in the osjar1-2 mutant and the wild type respectively (Fig. 1D) . These results indicate that wound-induced levels of accumulation of JA-Ile were severely suppressed in the mutant, although the levels of accumulation of JA were higher in the mutant than in the wild type.
Gene expression analysis of the osjar1-2 mutant Next we performed microarray analysis of the osjar1-2 mutant with JA treatment in order to determine how the mutant would respond with exogenously applied JA, which normally induces JA-triggered defense responses and related gene expression. Total RNA prepared from leaf disks of the wild type and the osjar1-2 mutant were subjected to microarray analysis by Rice Gene Expression 4 Â 44K Microarrays (Agilent). We performed two series of microarray analysis, as follows: On the one hand, to investigate JA-responsible genes, we performed a time course analysis using the wild type with JA treatment. The Cy-3 labeled cRNA probe from the 0-h time point sample of the wild type was used as reference, and the Cy-5 labeled cRNA probes from other time points (0.5, 1, 2, and 4 h) of the wild type were compared against the 0-h references. On the other hand, we performed comparison analysis among the wild type and osjar1-2. The Cy-3 labeled cRNA probe from the wild type (0, 0.5, 1, and 2 h after JA treatment) was used as reference, and the Cy-5 labeled cRNA probes from the osjar1-2 mutant (0, 0.5, 1, and 2 h after JA treatment) were compared against the references at each time point. We performed three biological replicates for each analysis. The data have been deposited at Gene Expression Omnibus in National Center for Biotechnology Information (http://www.ncbi.nlm.nih.-gov/geo/; IDs: GSE45571, GSE45572).
Statistical analysis was performed for normalized data using the ANOVA-false discovery rate (ANOVA-FDR, q-value 0:05) calculated by Partek Genomic Suite (Ryoka Systems, Tokyo). Then we focused on the genes that express OsJAR1 dependently (JA-Ile-dependent genes), because JA signaling starts with derepression of target genes via perception of JA-Ile by COI1, a JAIle receptor. 7, 8, 34, 35) The results of the time course analysis indicated that 3,475 probes were induced in the wild type after JA treatment, more than 2-fold as compared to the sample of the wild type 0 h after JA treatment. On the other hand, the results of the comparison analysis indicated that 2,021 probes were repressed in osjar1-2 as compared to the wild type, less than 0.5-fold as compared to the sample of the wild type at any point in time. Among these 3,475 and 2,021 categorized probes, 1,604 probes were obtained as an intersection. Based on database annotations, 871 genes were included among these 1,604 probes. We concluded that these 871 genes were JA-Ile-dependent JA-inducible genes. Among these 871 genes, we found typical JA-responsible genes such as bHLH-transcription factors (RERJ1 and OsbHLH148), 33, [36] [37] [38] JA biosynthetic genes (OsAOS1 and 3, OsAOC, and OsOPR7), 27, 39, 40) and rice jasmonate-ZIM domain containing proteins (OsJAZ1, 2, 3, 4, 5, 6, 7, 10, and 11) 38) ( Table 1) . Additionally, we also found auxin-related genes, ethylene-related genes, phenylpropanoid and flavonoid biosynthetic genes, and pathogenesis-related (PR) genes among the 871 screened genes (Supplemental Table 2 ).
In order to investigate the expression profile of the downregulated genes in osjar1-2 mutant in more detail, time course analyses of RERJ1 and OsJAZ gene expression were done by qRT-PCR in JA treated and wounded rice leaf disks. As shown in Fig. 2 , the mRNA levels of all the genes we checked in the JA-treated osjar1-2 mutant leaves were severely suppressed compared to the wild type. Similarly, the mRNA levels in the wounded osjar1-2 mutant were also severely suppressed compared to the wild type. These results indicate that stress and JA-induced expression of the RERJ1 and OsJAZ genes is dependent on endogenously synthesized JA-Ile.
Complementation analysis of OsJAR1 in osjar1-2 mutant cells
Our results from biochemical experiments strongly suggest that OsJAR1 is the gene involved in endogenous JA-Ile biosynthesis in rice plants under conditions of stress. For further confirmation of its involvement, we did complementation analysis of OsJAR1. OsJAR1 cDNA was expressed in suspension-cultured osjar1 cells under the control of the cauliflower mosaic virus 35S promoter, and restoration of JA-Ile production and gene expression of RERJ1 were evaluated. Constitutive overexpression of OsJAR1 mRNA was detected by qRT-PCR in the transgenic line (Fig. 3A) . As it is well known that the chitin oligosaccharide elicitor can induce JA accumulation in suspension-cultured rice cells, 41) we determined the accumulation levels of JA and JA-Ile in rice cells of the wild type treated with chitin oligosaccharide elicitor, osjar1-2, and the OsJAR1 expressed osjar1-2 mutant. As shown in Fig. 3B , the levels of accumulation of JA in osjar1-2 were comparable to those in the wild type, and slightly lower in the OsJAR1 expressed transgenic line. On the other hand, the levels of accumulation of JA-Ile were suppressed in osjar1-2 as compared to the wild type, and were higher in the OsJAR1 expressed osjar1-2 mutant than in the wild type. Additionally, suppression of the transient expression levels of RERJ1 in osjar1-2 treated with chitin oligosaccharide elicitor was also restored in the mutant expressed OsJAR1 (Fig. 3C) . Given these results, we concluded that the phenotypes observed in the osjar1-2 mutant were caused by a defect in the OsJAR1 gene, and that OsJAR1 plays a key role in JA-Ile production induced by chitin oligosaccharide elicitor and in jasmonate signaling mediated by JA-Ile in suspensioncultured rice cells. In the regenerated rice plants, however, the open-husk and low-fertility phenotypes seen in the osjar1-2 mutant were not restored (data not shown). Thus we did not obtain progeny plants to be used in further experiments.
Induced phytoalexin production during chemical treatment in the osjar1-2 mutant
Phytoalexin production is one of the major JA-induced defense responses in rice. 41) As we have reported, 27) endogenous jasmonate is indispensable to the production of the flavonoid phytoalexin, sakuranetin, and is involved in the production of diterpenoid phytoalexins in blastinfected rice leaves, but the involvement of endogenous JA-Ile in phytoalexin production remains to be determined. Therefore, in order to elucidate the involvement of endogenous JA-Ile in phytoalexin production in rice, we performed quantitative analysis of phytoalexins using the osjar1-2 mutants. First we examined phytoalexin production in osjar1-2 leaf blades treated with JA and JA-Ile. Leaf disks excised from leaf blades of the wild type and the osjar1-2 mutants were treated with these chemicals and sampled at 72 h after treatment. When the leaf disks were treated with JA, the levels of accumulation of both diterpenoid phytoalexins and sakuranetin were remarkably suppressed in osjar1-2 as compared to the wild type (momilactones, 140 and 6 ng per leaf disk; phytocassanes, 48 and 5 ng per leaf disk; sakuranetin, 341 and 14 ng per leaf disk, in the wild type and osjar1-2 respectively) (Fig. 4) . On the other hand, when the leaf disks were treated with JA-Ile, the levels of accumulation of both diterpenoid phytoalexins and sakuranetin in osjar1-2 were comparable to that in the wild type (momilactones, 84 and 91 ng per leaf disk; phytocassanes, 28 and 36 ng per leaf disk; sakuranetin, 129 and 129 ng per leaf disk, in the wild type and osjar1-2 respectively).
Next we examined phytoalexin production in the osjar1-2 mutant under CuCl 2 treatment, which can induce JA and phytoalexin production in rice leaves. 24) Leaf disks excised from leaf blades of the wild type and the osjar1-2 mutant were treated with CuCl 2 and sampled at 72 h after treatment. The levels of accumulation of diterpenoid phytoalexins in osjar1-2 were comparable to that in the wild type (momilactones, 64 and 74 ng per leaf disk; phytocassanes, 118 and 151 ng per leaf disk, in the wild type and osjar1-2 respectively), although the levels of sakuranetin were suppressed in osjar1-2 as compared to the wild type (881 and 143 ng per leaf disk in the wild type and osjar1-2 respectively) (Fig. 4) . These results indicate that JA-Ile was required for JA mediated accumulation of rice phytoalexins. Furthermore, JA-Ile was indispensable to CuCl 2 induced sakuranetin production. On the other hand, the production of diterpenoid phytoalexins was induced by CuCl 2 without endogenous JA-Ile. Relative expression levels of the RERJ1 and OsJAZ genes in rice leaves from 0 to 6 h after JA (500 mM) treatment (top) and wounding (bottom). mRNA levels were determined by qRT-PCR. Each value was normalized to the OsUBQ mRNA level. Data are the mean AE SD of three experiments.
Blast-inoculation analysis with the osjar1-2 mutant Next we performed an inoculation assay with M. oryzae, one of the major rice pathogens, using the osjar1-2 mutant to evaluate the contribution of JA-Ile to phytoalexin production under biotic stress and resistance to M. oryzae. Several excised leaf blades of the 8-leaf stage plants were spotted with spore suspension of an incompatible strain of M. oryzae race 102.0 (kyu77), sampled 3 d after inoculation, and subjected to quantitation analysis of phytoalexins. The levels of accumulation of diterpenoid phytoalexins in osjar1-2 were comparable to that in the wild type (momilactones, 4.6 and 6.9 mg/g FW; phytocassanes, 3.5 and 5.0 mg/g FW, in the wild type and osjar1-2 respectively), although the levels of sakuranetin were significantly suppressed in osjar1-2 as compared to the wild type (1.4 and 0.4 mg/g FW in the wild type and osjar1-2 respectively) (Fig. 5A) .
Additionally, we examined the disease resistance of the osjar1-2 mutant against M. oryzae to determine the contributions of JA-Ile to defense responses in rice. Excised leaf blades of 6th leaf stages of rice plants were sprayed with spore suspension of kyu77. To evaluate the symptoms of M. oryzae, we measured the diameters of the lesions that formed 4 d after inoculation. The diameters of the lesions formed on the leaves of osjar1-2 were slightly but significantly larger than that for the wild type ( Fig. 5B and C, Table 2 ), suggesting that the defect in JA-Ile production affects susceptibility to M. oryzae on rice leaves.
Taken together, these results suggest that JA-Ile contributes to defense responses against M. oryzae in rice plants. Furthermore, we confirmed that the production of diterpenoid phytoalexins but not of sakuranetin was induced by inoculation with M. oryzae in the osjar1-2 mutant.
Discussion
There has been a report that two JA-Ile synthases, OsJAR1 and OsJAR2, are coded on the rice genome and that both of them are functional enzymes catalyzing the conversion of JA to JA-Ile in in vitro enzymatic assays, but their in vivo functions remain to be demonstrated. In this study, we found that JA-Ile production was severely suppressed in an osjar1-2 mutant defective in OsJAR1 expression (Figs. 1D and 3B ). Our findings strongly suggest that OsJAR1 but not OsJAR2 plays major roles in stress-induced accumulation of JA-Ile.
Wakuta et al. have found that expression of both the OsJAR1 and the OsJAR2 gene is induced in response to wounding. 11) In contrast, our transcriptome analysis using JA-treated rice plants indicated that the basal expression level of the OsJAR2 gene was about 1,000-fold lower than that of OsJAR1(Supplemental Fig. 1 ). In addition, JA inductive expression of the OsJAR2 gene was less evident than that of the OsJAR1 gene. By reference to the basal expression levels of OsJAR1 and OsJAR2 in the Rice Expression Profile Database (RiceXPro: http://ricexpro.dna.affrc.go.jp/index.html), the expression levels of the OsJAR2 gene are much lower than that of OsJAR1 in almost all organs of rice plants (OsJAR1: http://ricexpro.dna.affrc.go.jp/GGEP/ graph-view.php?featurenum=34056, OsJAR2: http: //ricexpro.dna.affrc.go.jp/GGEP/graph-view.php?featurenum=16541). Hence the contribution of OsJAR2 to the inductive production of JA-Ile is likely to be limited under stress conditions, even though OsJAR2 gene expression is somehow induced in response to abiotic stresses. Additionally, trace amounts of JA-Ile were detected in the leaf blades and the suspension cultured cells of the osjar1-2 mutant, suggesting that OsJAR2 and/or other GH3 family enzymes are involved in the production of trace amounts of JA-Ile.
On the other hand, the levels of accumulation of JA were found to be higher in the osjar1-2 mutant than in the wild type (Fig. 1D) . This was probably due to a deficiency of OsJAR1, which catalyzes JA-Ile production by conjugation of JA and isoleucine, but the patterns of accumulation of JA, which are transiently induced by wounding, were similar in the wild type and osjar1-2. These results suggest that regulation of JA production after wounding does not depend on JA-Ile mediated signaling. Thus signaling pathways leading to the initiation of JA production are another important point to be confirmed in the future.
Our transcriptome analysis revealed that stress-induced JA-responsivity was severely impaired in the osjar1-2 mutant, and typical JA related genes (JA biosynthesis, JA signaling, etc.) were identified as JA-Ile-dependent JA responsible genes (Table 1 and Fig. 2 ). Some of the biosynthetic genes for phenylpropanoid, flavonoid, and pathogenesis related proteins were also found to exhibit JA-Ile dependent expression, and are likely to be involved in JA-inducible sakuranetin production and the defense response against blast fungus (Supplemental Table 2 ). We also found that auxin and ethylene related genes were JA-Ile-dependent JA responsible genes, suggesting that these plant hormones function coordinately with JA-signaling.
Genetic complementation successfully restored JA-Ile synthesis in the osjar1-2 mutant. This suggests that OsJAR1 is indeed involved in the endogenous production of JA-Ile in planta, but the open-husk and lowfertility phenotypes seen in the osjar1-2 mutant were not restored in the regenerated rice plants in our complementation analysis (data not shown), although constitutive expression of OsJAR1 and wound-inducible JA-Ile accumulation in the regenerated plants were obvious (Supplemental Fig. 2 ). This is probably because the expression of OsJAR1 due to the cauliflower mosaic virus 35S promoter was not appropriately regulated as physiological condition for rice growth. Use of the native promoter or genomic fragment of OsJAR1 in complementation assay should reveal further biological functions of the OsJAR1 gene during the reproductive stage of rice.
The production of phytoalexins is one of the major JA-induced defense responses in rice. Our recent work indicates that blast-induced accumulation of sakuranetin is almost completely abolished, momilactone is partially impaired, and phytocassanes occur normally in jasmonate-deficient cpm2 and hebiba mutants. These results strongly suggest that endogenous jasmonate is indispensable for the production of the flavonoid phytoalexin, sakuranetin, and is partially involved in the production of diterpenoid phytoalexins in blast-infected rice leaves. However, as multiple jasmonates derived from OPDA should be defective in the cpm2 and hebiba mutants, it remains unclear which compound among jasmonates is involved in the regulation of phytoalexin production in rice. In this study we found that the accumulation of diterpenoid phytoalexins and sakuranetin, induced by exogenously applied JA, are remarkably suppressed in the osjar1-2 mutant, whereas exogenously applied JA-Ile induces the accumulation of these phytoalexins in the osjar1-2 mutant. These results provide clear evidence of the essential involvement of JA-Ile in JAinduced accumulation of momilactones, phytocassanes, and sakuranetin. On the other hand, we also found that CuCl 2 and blast fungus-induced accumulation of sakuranetin was suppressed in the osjar1-2 mutant, although the levels of accumulation of momilactones and phytocassanes in the osjar1-2 mutant were comparable to the wild type. In view of these results, we conclude that endogenous JA and JA-Ile are indispensable for sakuranetin accumulation, and that the JA-Ile-independent pathway is involved in the biotic and abiotic stressinduced accumulation of diterpenoid phytoalexins (Fig. 6 ). Further analysis of an endogenous signaling compound inducing diterpenoid phytoalexins in the osjar1-2 mutant, should prove a clue to a JA-Ileindependent pathway for phytoalexin production in the near future.
We also found that incompatible race of M. oryzae formed larger lesions on the leaf blades of the osjar1-2 mutants than the wild type. Our previous work on jasmonate-deficient cpm2 and hebiba mutants indicated that jasmonate is required to defend against infection by incompatible strains of M. oryzae, and that higher JA-Ile levels were present in infected wild-type rice leaves. Taken together, our results provide evidence that JA-Ile is involved in rice defense against incompatible race of M. oryzae. At the same time, the osjar1-2 mutant, exhibiting enhanced susceptibility to M. oryzae, did not exhibit any apparent changes in the severity of its entire phenotype after infection, also suggesting that JA-Ile makes a partial contribution to defense against M. oryzae. In fact, as the osjar1-2 mutant was still able to produce comparatively high amounts of diterpenoid 
